In the present work, two aptamer-based probes and related sensor systems were developed with chemiluminescence signaling. The detection was based on "turning-on" chemiluminescence with switching "off" of the resonance energy transfer after the aptamer's recognition of the target molecule. In this design, a DNA/aptamer duplex linked a chemiluminescence group and a gold nanoparticle together. Only low-intensity chemiluminescence was obtained due to the highly efficient resonance energy transfer. After introducting the target molecule, structure-switching took place with turning off the energy transfer; thus, a restoration and turning on of the chemiluminescence was obtained. The two designs differed in the chemiluminescence groups, since one was a covalently linked luminol molecule, while the other was a conjugated horseradish peroxidase for the catalysis of further chemiluminescence reactions. These schemes provided simple and effective sensing toward a model analyte, adenosine.
Introduction
Aptamers are specific oligonucleotides (DNAs or RNAs) developed for target species. The protocol to obtain the sequence, known as SELEX (systemic evolution of ligands by exponential enrichment), can be employed for the selection of aptamers against a wide range of targets, from small ions to large macromolecules, and even cells or tissues. [1] [2] [3] Aptamers have molecular-recognition properties that rival widely used antibodies. Furthermore, like other oligonucleotides, aptamers are superior to antibodies, since they can be easily engineered and produced for different applications. 4 As for analysts, the aptamers' high affinity and selectivity, together with their readily availability and ease of use, make them attractive candidate components for the construction of various aptasensors; their applications in the analyses of a variety of targets, such as ions, small organic molecules, peptides, proteins, cells or bacteria, have been reported. 5 In these analyses, different signaling schemes are deployed, including fluorescence, [6] [7] [8] [9] electrochemistry, 10-12 colorimetry [13] [14] [15] [16] [17] [18] [19] and chemiluminescence. [20] [21] [22] [23] Among all of these schemes, those combined with Förster resonance energy transfer (FRET) are especially attractive. 5 In this kind of system, the energy transfer deactivates the excited donor groups through passing their extra energy onto acceptors instead of direct luminescence. One important characteristic of this energy transfer is that the transfer efficiency varies with an inverse 6th power of the distance. 8 This distance-dependent property of FRET provides a means of "on-off" switching for the energy transfer and related signaling. Fluorescence resonance energy transfer (also abbreviated as FRET) is the most popular form, and has been intensively reported for aptamer-based sensing. [6] [7] [8] [9] 24 Once the probe is ready, the reporting signal can be directly obtained through mixing the probe with the target species, which greatly eases the operations, and is useful for in-field (such as in-vivo) analysis.
A disadvantage of fluorescent donors is that external sources, usually UV-lamps or lasers, are required for their excitation. 24 This leads to the requirement of complex instrumentation and a relatively high background signal; also the ease of the application and sensitivity are compromised. Alternatively, the donor energy may also come from luminescence chemical reactions, as chemiluminescence (CL), [25] [26] [27] [28] [29] with related FRET systems, known as chemiluminescence resonance energy transfer (CRET). 29, 30 In this kind of scheme, no external excitation is required, and both the instrumentations and analytical procedure can be greatly simplified. In most of reported CRET systems, fluorescent acceptors are employed. 25, 29, 30 One common problem in these systems is the presence of luminescence signals both before and after recognition, either in the form of chemiluminescence or the re-emitted fluorescence; also wavelength-resolving instruments (as spectrophotometers) are required to read out the shift of the emitted peaks. 22 Contrary to the fluorescent acceptors, "silent acceptors" or quenchers also work in CRET systems. They accept the energy and act as an "on/off " switch for the chemiluminescence. 24 With these kinds of acceptors, the only luminescence obtained is chemiluminescence: if the energy transfer is on, then quenched and low chemiluminescence, otherwise signal restored and high chemiluminescence. In our work here, this mechanism is employed for the development of two probes and related aptasensors for molecular recognition. In both of the probes, a gold nanoparticle is adopted as an efficient acceptor of chemiluminescence. Upon recognition of the target, the linkage between the donor and the acceptor breaks down, which leads to a much larger distance between the two groups, and turning off of the energy transfer; thus, an "on" signal is obtained. In the two designs, the chemiluminescence donors differ, since one is covalently linked luminol while the other is catalytic horseradish peroxidase (HRP) with its chemiluminescence substrates ( Fig. 1) . A model molecule adenosine is adopted and the performances of the developed probes are evaluated.
Experimental

Reagents and chemicals
Single strand DNAs with suitable labeling were obtained from Sangon Biotech Inc. (Shanghai, China) as thiolated DNA1, 5′-CCC AGG TTC TCT CAA AAA AAA AAA A-C3-SH-3′ and biotinylated DNA2, 5′-GAG AGA ACC TGG GGG AGT ATT GCG GAG GAA GGT AAA AAA-biotin-3′. The aptamer sequence specific for adenosine recognition was included in DNA2, as ACC TGG GGG AGT ATT GCG GAG GAA GGT. Streptavidin-horseradish peroxidase conjugate (SA-HRP) and streptavidin (SA) were obtained from CW Biotech (Beijing, China), HAuCl4 and polyvinyl alcohol (PVA, average MW 5000) from Sinopharm Chemical Reagent (Shanghai, China). Four types of nucleosides: adenosine (A), cytidine (C), guanosine (G) and thymidine (T) were from Fluka Biochemika; crosslinker sulfo-succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (sulfo-SMCC) from Sigma; luminol and bovine serum albumin (BSA) were obtained from Yacoo Chemical Co. (Suzhou, China). All other chemicals were of analytical grade, and used as received. All samples were prepared with Milli-Q water (18.25 MΩ/cm) from a Millipore ultra-pure water system.
Apparatus
The UV-vis absorption spectra were measured with a TU1810 UV-visible absorption spectrometer (Purkinje General Inc., Beijing, China), and chemiluminescence emission spectra were obtained on an FL-2500 fluorescence spectrophotometer (Hitachi Inc.) with the excitation beam blocked. Centrifugations for the nanoparticle purification were performed with an Allegra 64R benchtop centrifuge (Beckman-Coulter Inc.). Chemiluminescence intensity measurements were conducted on a single-photon counter (Gangdong Tech Co., Tianjin, China) with samples shielded in a darkbox from external interferences.
Preparation of gold nanoparticles
Gold nanoparticles (AuNPs) with average diameter of 13 nm were prepared by the reduction of HAuCl4 with citrate. 31, 32 In brief, 50 mL of a 0.01% HAuCl4 aqueous solution was heated to boiling with rigorous stirring, and then added with 3 mL of 1% sodium citrate. After a color change appeared, the mixture was kept boiling for 15 min, and then cooled down to room temperature. The concentration of the AuNP colloid was found to be around 4.9 nM by measuring its absorption at 520 nm. 33 
Preparation of probe A
A 5-ml portion of freshly prepared AuNP colloid was adjusted to pH 6.0 -6.5 with 0.1 M Na2CO3, and then a 1 mg/mL SA solution was added to produce a final concentration of 30 μg/mL. After 30 min of incubation, a PVA solution was introduced (final concentration ~0.5 mg/mL) and the mixture was left standing for another 2 h. AuNPs in the mixture were then spun down with 15 min centrifugation under 16000 rpm. After removal of the supernatant, a fresh PBS buffer (pH 7.4, 10 mM Na2HPO4, 2 mM KH2PO4, together with 137 mM NaCl, 2.7 mM KCl) was added to rinse the AuNPs. The process of centrifugation and rinsing was repeated twice to completely remove any unbound SA. 31 The AuNPs were then dispersed into an aqueous solution containing 1 mL of biotinylated DNA2 (3.0 μM).
After 1 h of incubation, another round of centrifugations and rinses as previously stated were applied to remove the free DNA2 strands.
Through these steps, DNA2-AuNP conjugates were obtained.
Sulfo-SMCC 0.4 mg was dissolved in DMSO and immediately added into 0.2 mL of a 10 mM luminol solution (with pH controlled ~7.4 with PBS buffer). The mixture was settled for a 2 h reaction with continuous stirring in darkness, after which 150 μL of DNA1 (5.5 μM) was added, followed by a 20-h reaction. 34 The obtained mixture was dialyzed against water with dialysis tubing (Fisher Scientific, with molecular weight cut off (MWCO) at 3500 Da). Every 2 -3 h, a dialysis solution was replaced with fresh water, 4 times in total. The purified DNA1-luminol conjugate inside the tubing was then taken out, and mixed with previously obtained DNA2-AuNP conjugates. After 1 h of incubation, other series of centrifugations and rinses were performed to remove the free DNA strands. The collected AuNPs were dispersed in 5 mL of PBS buffer (pH 7.4) and stored at 4 C in darkness, and would be then applied as probe A in further analysis.
Preparation of probe B
An aqueous solution of thiolated DNA1 was mixed with 5 mL of freshly prepared AuNPs, with the final solution containing ~0.50 μM of ssDNA1, ~4.5 nM of AuNPs, 10 mM phosphate buffer (pH 7.4) and 1.0 M NaCl. After 2 h of incubation, the remaining free DNA1 strands were removed by centrifugation like that for probe A. Afterwards, the AuNP conjugates were dispersed in 5 mL of 10 mM phosphate buffer (pH 7.4) together with ~0.50 μM biotinylated DNA2 and incubated for another 2 h. Another round of centrifugations and rinses were then performed to remove free DNA2 strands. The collected AuNPs were dispersed into a 0.05% BSA blocking solution, added with 75 μL of SA-HRP (1 mg/mL) and 3 mL of PBS (10 mM). After 20 min of incubation, the free SA-HRP was removed by centrifugations and rinses. The purified NPs were redispersed in 5 mL of PBS buffer (pH 7.4) as probe B in further analysis.
Chemiluminescence analysis
For analyses with probe A, an aliquot of 50 μL of the probe was mixed with 100 μL of nucleoside samples (A, G, T or C) together with a 100-μL solution containing H2O2 (0.1 M) and Co 2+ (1.25 μM) in a quartz cuvette for fluorescence. Then a 750-μL portion of NaOH solution (20 mM) was also added to make up the final volume to 1.00 mL.
As for probe B, 50 μL of the probe was mixed with 100 μL nucleoside samples in the cuvette. Luminol and H2O2 (50 μL each) were then added. The final volume was also kept at 1.00 mL with another 750 μL of phosphate buffer.
In experiments with both probes, the cuvette was placed at the center of a darkbox. The photomultiplier of the single-photon counter was mounted directly behind the optical window and operated with a bias of -900 V for luminescence measurements.
Results and Discussion
Basics of the aptasensor design
There are three main components in CRET-based probes: a chemiluminescence donor providing energy, an acceptor taking that energy and a linkage. The linkage is required to be capable of holding the previous two groups together as well as to break down when specific recognition occurs. Here, a scheme known as structure-switching was employed. 35 The basic idea of the strategy is that the probe transforms from a DNA/aptamer duplex to an aptamer/target complex upon recognition of the target molecule. 35 This scheme is attractive for its simplicity, and has been widely used for aptamer-based sensing, especially with fluorescence signaling. 36 In most FRET designs, because of the low efficiency of the single molecular acceptors, it is required to keep the donors and acceptors as close as possible. Usually, a three-strand scheme is adopted, and the two groups are assembled in a "head-to-head" style. 35, 36 In the work presented here, AuNPs were adopted as the acceptor. They have an extraordinary extinction coefficient and a large Förster radius (the distance between the donor and acceptor where 50% of energy transfer is obtained); 33 more favorably, they do not re-emit after the excitation. 37 Due to these properties, a simplified design was employed as depicted in Fig. 1 . Only two strands were required for formation of the DNA1/DNA2 duplex, while holding the donor/acceptor groups in a "tail-to-tail" style, and efficient energy transfer was still possible under this circumstance.
During recognition, the formation of the aptamer/target (DNA2/adenosine) complex disassembled the previous duplex, and the distance between the donor and the acceptor group was greatly enlarged. An "on" signal was then obtained as the result of restorings of the quenched chemiluminescence.
In probe A, the lumiphore was a luminol molecule directly conjugated onto a DNA strand. Here a heterobifunctional agent sulfo-SMCC was adopted as a crosslinker (Fig. 2) . Sulfo-SMCC has an N-hydroxysuccinimide (NHS) ester at one end and a maleimide group at the other, allowing covalent conjugation to the amine-and sulfhydryl-moieties, respectively. 36 During the linking steps, the NHS ester group of the crosslinker first reacted with the amine group in luminol, then the maleimide end continued reaction with the 3′ thiol end of DNA1. An excessive amount of luminol was used in the first step, as twice the amount of sulfo-SMCC, in order to consume all of the active NHS esters. On the other hand, the amount of crosslinker was greater than that of DNA1, ensuring that all of the DNA1 strands would be attached with the linker-luminol half-conjugate. These quantitative controls were important for the yield of the target luminol-linker-DNA1 conjugate, averting products as DNA1 without luminol, or even without the crosslinker. At the end of the total reaction, the remaining small molecules, such as luminol, sulfo-SMCC and luminol-sulfo-SMCC conjugate (if there was any), passed through the dialysis tubing freely, while the larger DNA conjugates were retained inside. AuNPs with streptavidin modification captured the other DNA2 strands through a biotin-streptavidin interaction; the so-prepared luminol-DNA1 conjugates were then linked through hybridization with DNA2.
In probe B, the signaling part was conjugated HRP enzyme together with free luminol substrate.
First, DNA1 was conjugated onto the AuNP surface through Au-S bonding. 23 After that HRP was introduced through the streptavidin-biotin interaction between the SA-HRP conjugate and the 3′-end biotin in DNA2 (Fig. 1) . 29 In both probe designs, once the target was introduced, it was recognized and captured by its aptamer part in DNA2, and the formation of the adenosine/aptamer complex further led to a breakdown of the DNA/aptamer duplex. The chemiluminescence responses before and after target recognition were compared with the probes, together with free luminol molecules (Fig. 3) . In the probe A design, the CL intensity of the probe A was significantly enhanced after introducing the target molecule adenosine (curve b vs. a). A similar spectral behavior was also found in probe B (curve e vs. d). Concerning the other aspect, no obvious shift of the luminescence wavelength (curve c vs. a/b, d/e) was found, indicating that the linking step did not change the luminol luminescence property significantly. For this spectral similarity, a similar condition for free luminol was adopted for probe A, and a high-pH NaOH solution was applied as the buffer. In order to enhance the chemiluminescence signal, a transition-metal ion (Co 2+ ) catalyst was also added. The metal cation was found to be effective to provide a satisfactory luminescence intensity.
In the probe B design, in order to obtain a high chemiluminescence signal upon recognition, various parameters of the detection were optimized. Lower-pH phosphate buffers were used instead of NaOH to maintain the enzymatic activity. With increasing buffer (phosphate) pH from 7.0 to 11.0, the CL intensity increased, but the reproducibility deteriorated, and finally a slightly basic pH 9.0 buffer was adopted as a balance of these two aspects. Also, the influences of the chemiluminescence substrates (luminol and H2O2) were investigated. It was found that the signal become enhanced with increasing amount of these substrates (Fig. 4 ). An unfavorable side of the high concentration substrate was an increasing noise level. Regarding these considerations, the substrate concentrations were optimized as 20 mM for H2O2 and 0.17 mM for luminol.
Specificity of the aptasensors
One of the most important factors for the probes is their specificity. For structural similarity, other nucleosides, such as guanosine (G), cytidine (C) and thymidine (T), were employed for comparison. With both probes, the responses toward the other nucleoside were much lower than with adenosine, approximately at the same level of the reagent blank (Fig. 5) .
As for probe A, the chemiluminescence signal obtained with the target adenosine was about 6-times higher than that from control nucleoside samples (Fig. 5A) , while for probe B, the result was even better, with a signal/background ratio greater than 10 (Fig. 5B) . These highly selective responses demonstrated the satisfactory specificity of both the probes and the developed aptasensors. Meanwhile, it could be concluded from the responses that highly efficient energy transfer was obtained in both probe designs, which came from effective quenching by the AuNPs.
Analytical performances
In order to evaluate the performances of the two probes, various adenosine samples were prepared. With probe A, linear responses were obtained within the range of 0.2 to 2.0 mM with a correlation coefficient of 0.9976, and the detection limit at 28.9 μM (3-times the standard deviation of the background signal) (Fig. 6A) . Similarly, a linear range of 20 μM to 0.4 mM was obtained with probe B (correlation coefficient of 0.9980) and the detection limit at 4.5 μM (Fig. 6B) . For a reproducibility study, an adenosine sample of 1 mM adenosine was applied in 5 consecutive measurements. A relative standard deviation (CV) of 4.52% was obtained with probe A, while with probe B the value was 3.23%. Both sets of data showed good reproducibility of the constructed probes.
The difference of the analytical performance mainly came from the lumiphores. The relatively lower performance of probe A was due to the single molecule conjugation format: for each recognition event, only one luminol chemiluminescence was activated. This result is similar or superior to that reported with colorimetric method by Liu et al. 17, 18 (0.3 mM and 50 μM, respectively) and Li et al. 19 (0.25 mM). Better performance was obtained in the probe B design, in which the detached HRP was capable for catalyzing cycles of luminol chemiluminescence. The 4.5 μM detection limit is similar to that by some other groups, as Zhao et al. 16 (10 μM through colorimetry), Lu et al.
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(6 μM through colorimetry), Xu et al. 7, 12 (2 μM/1 μM with fluorescence), Lu et al. 38 (6 μM with absorbance), but not as good as reported by Wu et al. 10 (10 -8 M with electrochemistry), Li et al. 11 (~10 -7 M with electrochemistry) and Zhang et al. 22 (10 -7 M for ATP, with chemiluminescence). The compromised sensitivity of the designs mentioned here was mainly determined by relatively weak binding between aptamer and adenosine, with the dissociation constant kd at the micromolar level. 36 Further improvement on this aspect might be interesting with suitable amplification schemes.
Conclusions
In this paper, we described how two chemiluminescence probes and related aptasensor were developed based on resonance energy transfer. With gold nanoparticles, efficienct energy transfer could be achieved, even with a large distance between the donor and the acceptor groups. The structure-switching provided an effective way for altering the donor-acceptor distance upon molecular recognition, and "turn on" chemiluminescence signaling. An analysis of the model analyte adenosine down to the micromolar level was achieved with good reproducibility. With advantages of simplicity in design and low requirements on instrumentations, these probe schemes can be easily modified for other aptamer-based sensors.
